To develop and characterize a heterozygous knock-in mouse model carrying the 5-bp deletion in Elovl4 (E_mut ϩ/Ϫ ) and to study the pathology underlying Stargardt-like macular degeneration (STGD3). METHODS. E_mut ϩ/Ϫ mice were generated by targeting a 5-bp deletion (AACTT) in the Elovl4 gene by homologous recombination. E_mut ϩ/Ϫ mice of age 2 to 18 months and age-matched wild-type (Wt) littermate control animals were analyzed for the expression of Elovl4 transcript, ELOVL4 protein, photoreceptor-specific genes, and retinal fatty acid composition. Functional retinal changes were evaluated by electroretinography (ERG) and by morphologic and ultrastructural criteria. RESULTS. E_mut ϩ/Ϫ mice retinas showed the presence of both Wt and mutant Elovl4 transcripts and proteins. Morphologic evaluation revealed cone photoreceptor ultrastructural abnormalities as early as 2 months of age, accumulation of lipofuscin in retinal pigment epithelium (RPE), and subretinal deposits at later ages. Shortening of rod outer segments (OS) was observed at ϳ10 months of age. Both cone and rod changes progressed with age. Unlike rod-specific genes, expression of selected cone specific genes was significantly reduced by 7 months of age. Mixed rod-cone and light-adapted b-waves were higher than normal at both 8 and 15 months. Levels of the fatty acids 20:5 (P ϭ 0.027), 22:5 (P ϭ 0.040) and 24:6 (P ϭ 0.005) were found to be significantly lower in the retinas of E_mut ϩ/Ϫ mice than in retinas of control subjects. CONCLUSIONS. E_mut ϩ/Ϫ animals display characteristic features associated with Stargardt-like macular degeneration and serve as a model for the study of the mechanism underlying STGD3. (Invest Ophthalmol Vis Sci. 2006;47:4558 -4568) 
M utations in the gene elongation of very long-chain fatty acids-4 (ELOVL4) are implicated in human autosomal dominant Stargardt-like macular degeneration (STGD3), which is characterized by progressive loss of central vision, accumulation of retinal flecks, and window defects in the macula. The age of onset of STGD3 is typically the teenage years, and the disease is progressive. 1, 2 ELOVL4 is homologous to the ELO group of mammalian and yeast enzymes involved in the fatty acid chain elongation system. 3 Like other ELO family members, the ELOVL4 protein contains a distinct iron binding motif, a histidine cluster (HXXHH), and an endoplasmic reticulum (ER) retention signal at its C-terminal end (KXKXX). The highest amount of Elovl4 expression is detected in the retina, and low levels of this transcript were also detected in brain, skin, lens, and testes. 4, 5 In retinal tissue, the protein is localized to the ER of the photoreceptor cells. 6 All the mutations detected so far in this gene result in premature truncation of the protein and consequent loss of ER retention signal. 4, 7, 8 Heterologous expression of mutant ELOVL4 in COS-7 cells demonstrated that the mutant proteins were misrouted and that they recruit the wild-type protein in the formation of aggresomes, a finding most likely consistent with a dominant negative effect. 6, 9 To assess the in vivo consequences of the 5-bp-deletion mutation (AACTT), we generated a heterozygous knock-in (KI) mouse model bearing the mutation in the Elovl4 gene (E_mut ϩ/Ϫ ) associated with human STGD3. 2, 10 In addition to carrying one copy each of the mutant and wild-type Elovl4 alleles, the expression of Elovl4 in these mice is controlled by the native promoter. Herein, we report our observations on the ocular phenotype of the E_mut ϩ/Ϫ mice. We examined the eyes of these mice for photoreceptor degeneration, retinal pigment epithelial (RPE) changes, accumulation of lipofuscin, expression of photoreceptor-specific genes, electrophysiological response of the retina, and composition of total retinal fatty acids. The mice with a genotype homologous to STGD3 patients showed predominant cone photoreceptor degeneration closely mimicking the features observed in patients with STGD3. Therefore, these mice can serve as a unique and biologically relevant model for the study of the pathologic consequences of the Elovl4 5-bp-deletion mutation.
MATERIALS AND METHODS

Reagents and Antibodies Used for the Study
Antibodies used in the study were as follows: anti-ELOVL4 antibody (1:500 dilution; Abcam, Cambridge, MA,); polyclonal anti-ELOVL4 af-finity-purified antibody (1:50 dilution, which is described elsewhere 4 ); monoclonal anti-PDI antibody (1:5 dilution; Calbiochem, La Jolla, CA), anti-␤-actin antibody (1:500 dilution; Sigma-Aldrich, St. Louis, MO), anti-S-opsin antibody (1:200 dilution; Chemicon, Temecula, CA), anti-M-opsin antibody (1:200 dilution; Chemicon); anti-rabbit Alexa Fluor 555 (1:2500 dilution), anti-mouse Alexa Fluor 488 (1:400 dilution), and anti-rabbit Alexa Fluor 594 (1:400 dilution; all from Invitrogen-Molecular Probes, Carlsbad, CA).
For RT-PCR, a DNA synthesis system (Super Script First-Strand; Invitrogen) was used. For fatty acid transesterification, 14% (wt/vol) BF3 was prepared in methanol.
Construct Design and Development of Heterozygous Elovl4 5-bp Deletion Mutant Knock-in Mice
To construct a targeting vector, an 11.5-kb mouse genomic DNA fragment containing exons 3 to 6 of Elovl4 was cloned from the 129/SV EV BAC genomic library. This fragment contains the sequence between 280 bp upstream of exon 3 and 1.4 kb downstream of exon 6. The 5-bp deletion-mutation in exon 6 was generated on the long arm using site-directed mutagenesis. A selectable cassette containing the Neomycin-resistant gene [Neo], flanked by two lox p sites was inserted into the KpnI site ( Fig. 1 ). The targeting vector was confirmed by restriction digestion and sequencing, using the forward (TGCGAG-GCCAGAGGCCAGTTGTGTAGC) and reverse (ATGTGTCA GTTTCAT AGCCTGAAG) primers which can read the Neo gene cassette.
The targeting vector was linearized by NotI, and electroporated into 129/SV EV embryonic stem (ES) cells, and subjected to selection with G418 antibiotic and ganciclovir. PCR and Southern blot analyses were used to identify recombinant clones. Correctly targeted ES cells were injected into C57BL/6J blastocysts and implanted into pseudopregnant mice, to generate chimeras. These chimeras were mated with C57BL/6J mice to transmit the targeting allele. Mice carrying the 5-bp deletion were identified by amplification of the tail DNA followed by sequencing ( Fig. 1 ). The E_mut ϩ/Ϫ mice were generated with assistance from Ingenious Targeting Laboratory, Inc. (Stony Brook, NY).
Animals
The mice were maintained according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and with protocols approved by animal care and Use Committee of the National Institute of Health (NIH). All studies were performed using E_mut ϩ/Ϫ mice and wild-type (Wt) littermate as control subjects. Animals were genotyped by amplification of mouse tail genomic DNA by testing for the presence of the 5-bp deletion, as reported earlier. 10 Mice were maintained in a 12-hour dark-light cycle. All tissues used for analysis were collected from animals at the end of the dark cycle. E_mut ϩ/Ϫ and Wt mice of ages 2 to 18 months were used to study histology; ultrastructure; electroretinogram (ERG); photoreceptor gene expression; and fatty acid analysis of the retina.
Electroretinograms
To evaluate retinal function, full-field ERGs were recorded from five 8-month-old E_mut ϩ/Ϫ and six Wt control mice (all males) using a Ganzfeld stimulus. Subsequently, five E_mut ϩ/Ϫ mice and five Wt mice from the same set of animals were used to record ERGs again at age 15 months. Mice were kept in the dark for 12 hours before dark-adapted responses were recorded. Light-adapted responses were recorded against a continuous background of 34 cd/m 2 . All mice were anesthetized, and ERGs were performed as described earlier. 11 These same mice were used for morphology, immunohistochemical analysis, and determination of expression of ELOVL4 at 18 months of age.
Retinal Histology and Ultrastructure
For evaluation of retinal histology, eyes were collected after perfusion with a mixture of aldehyde consisting of 2% paraformaldehyde and 2% glutaraldehyde. Excised eyes were processed for histology and immunohistochemistry, as described earlier. 4, 12 Tissue sections were stained with toluidine blue and were viewed on a microscope (Eclipse E800; Nikon Inc., Tokyo, Japan), and the images were collected with imageprocessing software (MetaMorph; Universal Imaging Corporation, West Chester, PA).
For ultrastructural analyses, areas of interest that were identified at the light level were thin sectioned and collected on 200-mesh grids. Sections were viewed on an electron microscope (model 2000; JEOL Peabody, MA). Images were captured using image-capturing software (Advanced Microscopy Techniques, Danvers, MA).
Immunohistochemistry
For evaluation of cone survival and localization of ELOVL4, immunohistochemistry was performed using short (S)-and medium (M)-wavelength cone opsin-specific antibodies, anti-ELOVL4 antibody and anti-PDI (protein disulphide isomerase) antibody as described earlier. 4, 12 Sections were viewed under confocal microscope, and images were captured with the use of appropriate filters and lasers.
Expression of Elovl4 and Photoreceptor-Specific Genes in E_mut ϩ/Ϫ Retinas
Total RNA was isolated from 2-, 4-, and 7-month-old animal retinas (RNeasy kit; Bio-Rad Laboratories, Hercules, CA) according to the Wild-type Elovl4 allele, with restriction enzyme sites (B, BamHI; E, EcoRI; R, EcoRV) and location of exons (boxes). The restriction sites were used to analyze the recombinants (data not shown). (B) The targeting vector, generated on the long arm of Elovl4 with a 5 bp-deletion (AACTT) and a Neo gene cassette flanked by loxP sites. (C) The Neo gene cassette with the 5-bp-deletion mutation were introduced in exon 6. N7 and N1 are the forward and reverse primer sequences designed to read from the selection cassette into the short arm (N1) and the long arm (N7). Forward (F) and reverse (R) primers were used to confirm the homologous recombination. October 2006, Vol. 47, No. 10 Photoreceptor Degeneration in Elovl4 Knock-in Mice 4559 manufacturer's guidelines, and the reverse transcription reaction was performed (SuperScript-II; Invitrogen). The comparative C t method was used to calculate the expression of total Elovl4, Wt, and mutant Elovl4 transcripts, and photoreceptor-specific gene expression in different samples of mouse retina, as described earlier. 5 The primers used for the gene expression studies are listed in Table 1 .
IOVS,
Protein Isolation and Western Blot Analysis
Western blot analysis was performed as described earlier, with anti-ELOVL4 antibodies and anti-␤-actin antibodies. 4, 9 Levels of expression of ELOVL4 were compared by loading an equal amount of protein and measuring the intensity of immunopositive bands by densitometry.
Lipid Extraction and Fatty Acid Analysis
At the end of a 12-hour dark cycle, retinas were collected from 6-month-old E_mut ϩ/Ϫ and Wt mice (n ϭ 10 in each group). The retinas were weighed, and lipid extraction was performed according to the method of Bligh and Dyer. 13 Butylated hydroxytoluene (BHT) was added to each sample, along with the internal standard 22:3 n-3 methyl ester. Retinas were subsequently transmethylated using the BF3-methanol method of Morrison and Smith 14 as modified by Salem et al., 15 with the cosolvent hexane. The methyl ester samples were analyzed by gas chromatography, as previously described, 15 except that the retinas were injected using a splitless method. For the splitless injection of 2 L of the hexane extract, the purge flow to the split vent was at a rate of 14 mL/min and the valve opened 0.25 minute after injection.
Statistical Analysis
Data are presented as the mean Ϯ SD. Comparisons of means between two experimental groups were performed using the two-tailed, independent Student's t-test. Analysis of variance (ANOVA) was used for comparisons of means among more than two groups. Adjustments for multiple comparisons made use of stepdown testing methods. 16 ERG data were analyzed with the Student's t-test at each flash intensity, and with the Mixed procedure (SAS, Cary, NC) for comparison of the entire intensity curve between these groups.
RESULTS
Expression of the Elovl4 in E_mut ϩ/Ϫ Mouse Retina
The KI mice carrying the 5-bp deletion in the heterozygous state were viable and fertile. At age 2 months, the presence of both Wt and mutant Elovl4 transcripts was detected in the retinas of E_mut ϩ/Ϫ mice using primers specific to the Wt and mutant alleles by qRT-PCR ( Fig. 2A) 
Evaluation of Expression of Photoreceptor-Specific Genes in E_mut ϩ/Ϫ Retina
Real-time quantitative RT-PCR analysis was used to measure the expression level of photoreceptor-specific genes: S-cone opsin (Opn1sw), M-cone opsin (Opn1mw), rhodopsin (Rho), RDS/peripherin, Rom1, Abca4, rod and cone transducin (Gnat1, Gnat2), rod and cone arrestin (Sag1, Arr3), and Elovl4, in E_mut ϩ/Ϫ mouse retinas ( Fig. 3 ).
In the retina of 2-month-old E_mut ϩ/Ϫ animals, there was no significant change in the expression of either rod-or conespecific genes or total Elovl4 (Wt and mutant alleles together) when compared with the expression in Wt mice (P Ͼ 0.05, data not shown). By 4 months, the expression of total Elovl4 was found to be decreased, but it was not significant (P ϭ 0.207). There was a slight decrease in the expression of conespecific markers such as Opnl-sw, Opnl-mw, and Arr3 in E_mut ϩ/Ϫ mice when compared with Wt animals, but the difference in the levels of expression was not yet significant at that age (P Ͼ 0.1). There was no indication that levels of expression of other marker genes, Gnat2, Rho, Rom1, sag1, or Gnat1 were altered in E_mut ϩ/Ϫ mice compared with Wt control mice ( Fig. 3 ).
By 7 months, the expression of total Elovl4 was found to be reduced to less than half in the E_mut ϩ/Ϫ retina compared with Wt retina (P Ͻ 0.001, Fig. 3 ). A significant decrease (P ϭ 0.043) in the expression of rod and cone expressed gene Abca4 was observed in the E_mut ϩ/Ϫ retina, whereas the expression of Rds was unaltered. Cone-specific genes Opn1sw, Arr3, and Gnat2 showed significantly lower levels of expression in E_mut ϩ/Ϫ (P Ͻ 0.010) retina compared with Wt, whereas the expression of Opn1-mw remained unaltered. At this age, also the rod-specific genes Rho and rod arrestin (Sag1) showed a significant decrease (P Ͻ 0.05) in their expression in the E_mut ϩ/Ϫ retina, whereas rod transducin (Gnat1) appeared to be slightly reduced but not to a statistically significant extent (P ϭ 0.1). Expression of Rom1 was found to be unaltered in E_mut ϩ/Ϫ mice (Fig. 3) .
In summary, the expression of cone-specific genes was found to be altered in the early stages of degeneration, and in later stages the decrease in expression of cone-specific genes was found to be greater than the decrease in expression observed in rod-specific genes. Among the rod-specific genes tested, the expression of structural components of rod photoreceptors, such as Rds and Rom1 were not altered even in late-stage degeneration (7 months), whereas the genes Rho, Sag1, and Gnat1, that are involved in the visual cycle showed decreased levels of expression ( Fig. 3 ). In E_mut ϩ/Ϫ mice, reduction in the expression of selected photoreceptor genes indicates either downregulation of these genes or loss of photoreceptors, predominantly S-opsin expressing cones.
ERG Findings
At 8 months of age, b-and a-wave amplitudes were consistently higher in dark-and light-adapted responses in E_mut ϩ/Ϫ mice ( Fig. 4) . This difference was statistically significant (P Ͻ 0.05) in dark-adapted responses at flash intensities to which both rods and cones contribute and at all flash intensities in the cone-driven, light-adapted ERG. When considering the set of all log b-wave amplitudes across all stimulus intensities in the dark-adapted responses (inclusion criteria: amplitude Ͼ15 V), there was a significant difference between Wt and E_mut ϩ/Ϫ mice (P ϭ 0.004). The implicit time of the b-wave in the dark-adapted responses of the E_mut ϩ/Ϫ mice was signifi-cantly delayed relative to the Wt (P ϭ 0.05). The b-wave of the light-adapted responses was also slightly delayed in the E_mut ϩ/Ϫ mice, though this difference was not statistically significant.
The ERG at 15 months showed similar results though amplitude differences between the groups were smaller. The band a-wave amplitudes again were consistently higher in mixed rod-cone dark adapted responses in the E_mut ϩ/Ϫ mice; however, the differences were no longer statistically significant. The b-wave amplitudes were significantly higher in the E_mut ϩ/Ϫ mice in cone-driven light-adapted responses (P Ͻ 0.05; Fig. 5 ).
Retinal Structure and Evaluation of Photoreceptor Cell Loss
To assess the effect of the 5-bp deletion-mutation in Elovl4 on the retina, we performed several analyses to evaluate cellular structure ( Fig. 6 ) and cytoarchitecture ( Fig. 7) , along with an assessment of the number of cones ( revealed progressive changes in the outer retina ( Fig. 6 ). Several abnormalities were present in the RPE of the E_mut ϩ/Ϫ mice. For example, vacuoles were present in the RPE at all ages from 2 to 15 months (Figs. 6B-G, 7D). A higher-magnification view of the vacuoles is shown in Figure 7D . Moreover, the thickness of the RPE was considerably greater in E_mut ϩ/Ϫ mice at 2 months than in age-matched Wt control mice (compare Figs. 7D and 7A ), a finding that has been described in abcr Ϫ/Ϫ mice. 17 Numerous packets of phagocytized OS and irregularly shaped pigment granules were present throughout the cytoplasmic compartment of the RPE. Based on the criteria used by Mata et al., 17 the appearance of these granules is consistent with lipofuscin deposits. In addition, in E_mut ϩ/Ϫ mice 8 months of age and older, there were expansive areas of debris in the subretinal space ( Figs. 6D and 6G ). The subretinal debris comprises primarily RPE fragments and undigested outer segments (Fig. 6H ).
As early as 2 months, structural abnormalities were present in the outer segments of some photoreceptors at the outer/ inner segment (OS-IS) interface (Fig. 6B ). This localization along with the periodic spacing of the disrupted OS strongly suggested that these were the OS of cone photoreceptors. An example of a dysmorphic cone OS is seen more clearly at the electron microscopic level (Fig. 7E) . To assess the effect of the 5-bp deletion in Elovl4 specifically on cone photoreceptors, cryosections taken from the posterior pole of eyes obtained from E_mut ϩ/Ϫ and Wt mice at various ages were immunostained with S-or M-opsin-specific antibodies. The number of immunopositive M-or S-cones per 250-m field was determined in central and peripheral areas across each retinal section. There was a significant decrease in the number of cones expressing S opsin in E_mut ϩ/Ϫ mice aged 6 months or older than in control animals (P ϭ 0.023; Fig. 8A ). In contrast, no age-related decline in the number of cones expressing M opsin was found (P ϭ 0.062; Fig. 8B ). At 18 months, the number of cones expressing S-opsin continued to decline compared with control mice (P Ͻ 0.001; Fig. 8A) . In contrast, the number of cones expressing M-opsin showed no difference in number when compared with control retinas.
Rod photoreceptor OS structure was normal at all ages. However, by 10 months, the length of rod OS and the thickness of the outer nuclear layer (ONL) appeared thin compared with that in younger mice. To determine whether the loss of rods was significant, we measured the length of OS and counted the number of cell layers in the outer nuclear layer. Although we found no difference compared with control subjects in either measure at 8 months (data not shown), at 10 months a significant difference in the ONL cell count in the far peripheral region was observed (P ϭ 0.03), whereas there is no significant change in the mid periphery and central region. Rod outer segment length at the far periphery and mid periphery was found to be significantly shorter at 10 months of age when compared with that in control subjects (P ϭ 0.012, 0.005), whereas no significant difference was found in the central region.
The final structural abnormality manifest in the eyes of E_mut ϩ/Ϫ mice involved the outer plexiform layer (OPL). At the light microscopic level, the OPL contained gaps and was heterogeneously stained. At the electron microscopic level, there were areas surrounding the rod spherules that appeared Supplementary  Fig. S1 , is available online at http:// www.iovs.org/cgi/content/full/47/ 10/4558/DC1). Black asterisks indicate gaps in the OPL. Scale bar, 10 m.
FIGURE 7. Electron microscopic evaluation of the retinas in Wt (A-C) and
E_mut ϩ/Ϫ mice (D-F) at 2 months. White arrows: undigested OS; black arrows: small, irregularly shaped dense bodies (lipofuscin); black asterisks: vacuoles within the RPE; black arrowhead: disrupted cone OS; white arrowhead: gaps surrounding rod spherules in OPL. High magnification image of (D) is available as Supplementary Fig. S1 Our recent studies in which we evaluated the localization of ELOVL4 in COS-7 cells demonstrated that the presence of ELOVL4 with the 5-bp deletion caused mislocalization of the protein away from the endoplasmic reticulum. 6, 9 Similar observation was reported by Grayson and Molday. 6 and us. 9 To demonstrate whether a similar phenomenon occurred in the mouse retina, we evaluated the localization patterns of both the ELOVL4 protein and PDI, an ER marker. In the retina of 4-month-old Wt animals, ELOVL4 was localized in the expected location (Fig. 9A ). ELOVL4 was found in greatest abundance in the ER of photoreceptors along with a minor component in the photoreceptor inner segments outside of the ER, as observed previously. Minimal immunopositive labeling was found in the OPL, consistent with previously reported localization of ELOVL4 (Figs. 9A, 9B) . 4, 6, 9 With this anti-ELOVL4 antibody, directed toward the N terminus of the molecule, we also observed immunoreactivity in the inner nuclear layer (INL). This finding differs from the findings of Grayson and Molday, 6 who used an antibody directed toward the C terminus of ELOVL4. This methodological difference probably accounts for the discrepancy in the pattern of immunoreactivity. In E_mut ϩ/Ϫ mice of the same age, there were two striking differences in the localization pattern of ELOVL4 compared with that in control mice. First, the quantity of immunopositive labeling in the inner segments appeared to be much greater. Second, there appeared to be a substantially greater amount of ELOVL4 localized to the OPL. To verify these differences in ELOVL4 amount, we quantified the amount of signal captured with the ELOVL4-specific channel from the confocal microscope. To make the images directly comparable, all immunohistochemistry experiments were performed simultaneously and all images were taken on the same afternoon using identical microscope settings. Image intensity was determined with image-analysis software (MetaView; Update Software, Chevy Chase, MD) on areas of the same size over the inner segment and OPL regions. The integrated intensity values were normalized such that the values obtained from Wt retinas were set to 1.0. The amount of immunopositive label of both the inner segments (P ϭ 0.015) and OPL (P ϭ 0.003) were significantly greater in the E_mut ϩ/Ϫ mice than in the Wt littermate control subjects. Consistent with these observations, semiquantitative Western blot analysis of ELOVL4 protein in the retinas of E_mut ϩ/Ϫ and Wt mice also indicated a higher amount of total ELOVL4 protein in the E_mut ϩ/Ϫ (Fig. 9D) . The anti-ELOVL4 antibodies used in these experiments recognize both the Wt and mutant proteins.
Retinal Fatty Acid Profile of Elovl4 5-bp-Deletion Mutant KI Mice
To determine the effect of the Elovl4 5-bp deletion-mutation on the retinal fatty acid composition, we analyzed the fatty acid composition of retinas of 6-month-old mice. In addition, the fatty acid composition of the whole eyeballs of pups on the day of birth (P0) with no fully formed photoreceptors was determined. There were no significant differences in the composition of retinal fatty acids of 6-month-old E_mut ϩ/Ϫ mice and Wt control subjects, with the exception of some of the n-3 fatty acids. A significant alteration in the levels of eicosapentaenoic acid (EPA), 20:5n-3 (P Յ 0.028), docosapentaenoic acid (DPA), 22:5n-3 (P Յ 0.04), and 24:6n-3 (P Յ 0.005) was observed in the E_mut ϩ/Ϫ retina compared with Wt retinas ( Table 2) . A similar trend of alteration in long-chain fatty acids in the whole eyeballs was observed in P0 E_mut ϩ/Ϫ pups when compared with the Wt (Table 3 ). There is a significant alteration in the levels of 20:0 (P ϭ 0.01), 20:1 n-9 (0.038), EPA, 20:5n-3 (P ϭ 0.006), DPA, 22:5n-3 (P Ͻ 0.001), 24:5 n-3 (P ϭ 0.003), and 24:6 n-3 (P ϭ 0.046) in the eyes of E_mut ϩ/Ϫ P0 pups compared with that of the fatty acid composition of control animals. The observed changes in long-chain fatty acid content in adult and P0 pups indicates the possible involvement of Elovl4 in long-chain fatty acid metabolism.
DISCUSSION
In this study, we developed a KI mouse model containing an Elovl4 5-bp deletion-mutation, shown previously to be associated with human dominant Stargardt-like macular dystrophy (STGD3). The genotype of heterozygous KI (E_mut ϩ/Ϫ ) mice resembles humans affected with STGD3, as they express both Wt and mutant Elovl4 alleles. In these mice, cone photoreceptor degeneration was evident from age 2 months, progressing to significant cone photoreceptor loss by 6 months, with a further decrease by 18 months. This effect was stronger on Sthan M-cones. Rod photoreceptor loss was not evident until 10 months. There was significant loss of both photoreceptor nuclei and outer segment length after this time. Substantial RPE changes are evident as early as 2 months including undigested OS packets, lipofuscin, vacuoles, and deposits of pigmented debris in the subretinal space. These observations are consistent with the pathology observed in STGD3 patients including primary RPE atrophy, loss of central vision with visual acuities ranging from 20/20 to 20/300, and worsening of color vision with acuity loss. 1, 2, 18 These changes have been found to be progressive over three or four decades in STGD3 patients. Loss of photoreceptors and accumulation of lipofuscin were also described in Elovl4 5-bp-deletion transgenic mice with two to eight copies of the transgene. 19 The morphologic changes described in the transgenic mice appear to be more severe than in our KI animals, but these models have not been compared directly. The severity of retinal degeneration in the Elovl4 5-bp deletion transgenic mice could be because of the multiple copy number of the transgene, the site of insertion of the transgene and also the presence of the two copies of the Wt alleles that remain in the background in addition to the transgene.
The structural aberrations observed in the photoreceptor of E-mut ϩ/Ϫ mice suggest retinal disease by age 2 months. Accumulation of a large amount of undigested OS material within the RPE and debris in the subretinal space of these mice indicates impaired digestion of phagocytized OS. Impairment of the RPE function itself is likely to be involved in photore- ceptor cell loss that is commonly observed in macular degeneration. 20 -22 The ERG response is the sum of all retinal potentials and comprises negative and positive components. Increased amplitudes in a diseased retina may therefore result from elimination of an underlying negative-going component. For example, ERG responses increase after administration of tetrodotoxin (TTX) to remove spiking activity originating in the proximal retina. 11, 23 It is therefore possible that a suppression of a proximal retinal component of cone pathway function contributes to the increased response amplitudes. However, elimination of a component is usually accompanied by altered waveforms, as was seen when TTX is administered, whereas the ERG responses of the E_mut ϩ/Ϫ mice had normal waveforms.
Generally, in partial death of the photoreceptor population ERG amplitudes decrease; only a few studies report the opposite. One study reported slightly increased L-cone-driven ERG responses in a patient with autosomal recessive Stargardt macular dystrophy-fundus flavimaculatus 24 associated with mutations in the ABCA4 gene. Other instances of supernormal cone function were reported in the rhodopsin knockout mouse, as well as in a transgenic pig model of retinal degeneration (P347L rhodopsin mutation) where they were attributed to an abnormal retinal development. 25, 26 In theory ERG amplitudes could also increase if resistivity of the RPE increases, 27 as might occur with diffuse accumulation of lipofuscin. A plausible finding to explain the persistently supernormal ERG amplitudes could be the mislocalization of ELOVL4 immunoreactivity to the OPL, where its presence may have induced, via an as yet to be determined mechanism, an increase in the photoreceptor-to-bipolar cell synapse.
The fatty acid analysis showed significantly altered levels of long-chain n-3 fatty acids not only in the retina of 6-month-old animals but also in the eyeballs of P0 pups with no significant photoreceptors. The altered levels of fatty acids in the 6-monthold E_mut ϩ/Ϫ animal retina could be due simply to the photoreceptor cell loss, but the alteration in the n-3 levels of P0 pups with no photoreceptors may indicate a more definite role for ELOVL4 in n-3 fatty acid metabolism and the influence of the presence of the 5-bp deletion-mutation on the n-3 fatty acid profile. The level of docosahexaenoic acid (DHA, 22:6 n-3), the major n-3 fatty acid present in the retina was not altered either in the retinal tissue of 6-month-old E_mut ϩ/Ϫ mice or in the eyeballs of P0 pups, indicating that Elovl4 mutation may not directly affect the DHA metabolism. The diet of these animals contained somewhat higher amounts of DHA, EPA, and linolenic acid (1% DHA, 1% EPA, 20:5 n-3; 1% linolenic acid,18:3 n-3; and 20% linoleic acid, 18:2 n-6) compared with the mean amount in the American diet, and this may have masked some of the effects of the Elovl4 mutation. Dietary intake of DHA and EPA were suggested to effect favorably the severity of phenotype in STGD3. 28, 29 Additional studies are needed to evaluate the specific role of Elovl4 in fatty acid metabolism.
The levels of expression of Wt Elovl4 were found to be significantly lower in E_mut ϩ/Ϫ animals than in control retinas. The retina of knock-out mice carrying the Elovl4 null allele in the heterozygous state did not develop significant photoreceptor degeneration by 16 months, suggesting that haploinsufficiency of Elovl4 may not cause photoreceptor degeneration. 30 Therefore, the reduction in the levels of Elovl4 Wt allele alone may not be responsible for the photoreceptor degeneration observed in the E_mut ϩ/Ϫ mice. In control mice, expression of Elovl4 is evident from mouse embryonic day 7, suggesting that Elovl4 may play a role in normal development. 5 In the E_mut ϩ/Ϫ mice, the development of the retina was observed to be normal with no significant morphologic abnormalities until 2 months. This is very similar to what has been described in STGD3 patients in which retinal development appears to be normal, and no vision abnormalities are reported typically until the teenage years. 1, 2 Absence of developmental abnormalities in the retina of E_mut ϩ/Ϫ mice and patients with STGD3 and later onset of retinal degeneration both in E_mut ϩ/Ϫ mice and patients may indicate that the effect of mutant Elovl4 does not immediately follow the presence of mutant protein as such, but could be due to a secondary process that is induced by the presence of mutant ELOVL4 protein.
Morphology and gene expression profile of E_mut ϩ/Ϫ mice indicated progressive photoreceptor cell loss, with significant cone cell degeneration, followed by loss of ROS length. In the retina of E_mut ϩ/Ϫ mice accumulation of Elovl4 protein was observed in the photoreceptor and outer plexiform layers ( Fig.  9 ). In heterologous cultured cells expressing the wild-type and mutant ELOVL4 proteins, the mutant protein was found to interact with the Wt protein resulting in the accumulation of the Wt-mutant protein aggregates. Therefore, it is likely that the retinal degeneration observed in the E_mut ϩ/Ϫ mice and in patients with STGD3 could be due to a dominant negative effect exerted by the mutant protein.
The mouse retina contains two types of cone pigments, short-wavelength (S)-sensitive and medium-wavelength (M)sensitive. 31 Unlike humans and other species, the majority of the cones in the mouse express both cone pigments. The M-cone opsin is expressed in every cone of the mouse retina, whereas the S-cone opsin is expressed in most of the cones. 32 In E_mut ϩ/Ϫ mice, we observed significant structural abnormalities in cone photoreceptors, primarily resulting in a decrease in the number of cones expressing both S-opsin protein and S-opsin mRNA (Fig. 8 ). Although the specific type of photoreceptors that are affected in patients with STGD3 is not yet known, the loss of visual acuity and the worsening of color vision with visual acuity loss reported in these patients are consistent with the cone photoreceptor-associated changes observed in the E_mut ϩ/Ϫ mice. Selective loss of cone photoreceptors has been reported in mice lacking the cone-specific gene CNGA3. 33 Predominant cone photoreceptor abnormalities in E_mut ϩ/Ϫ mice and ELOVL4-associated macular degeneration in humans suggest that cones are more susceptible to the damage caused by Elovl4 mutations than are rods.
These KI mice with cone photoreceptor degeneration preceding rod degeneration provide a valuable model for studying differential molecular pathways that operate in cone and rod photoreceptors and the mechanism underlying selective degeneration of macula and specifically to characterize the mechanism(s) underlying degeneration in STGD3.
